Background. Numerous events may occur during a haemodialysis session, leading to variation in the quantity of dialysis received. The purpose of this study was to identify risk factors for variability in haemodialysis delivery. Methods. Variability in dialysis delivery was expressed by the coefficient of variation (CV%) and calculated for the volume of blood processed (VBP) for all treatments and the monthly urea reduction ratio (URR) in each patient over an 8 month period. The univariate and multivariate relationships between various predictor variables and the URR and VBP CV% were determined. Results. Eighty-nine patients were identified who met study criteria. The mean VBP and URR CV% were 10.3 ± 4.7 and 5.4 ± 3.8%, respectively. Patients with tunnelled catheters and total nursing-care patients had higher VBP and URR CV%, as evaluated by multivariate analysis. Patients with inadequate dialysis (mean URR <65%) had a higher VBP CV% than those patients with mean URR values !65% (14.8 ± 5.4 vs 9.7 ± 4.5%; P ¼ 0.01). An accurate determination of the URR in 90% of patients required 14 measurements in patients with catheters vs three and two measurements in arteriovenous fistulae and polytetrafluoroethylene grafts, respectively. Conclusions. This study demonstrated that the use of a venous tunnelled catheter and dialysis in a total nursing-care unit were the only factors independently associated with greater variability in both VBP and URR. Attention to individual dialysis sessions in patients with tunnelled catheters or in a total nursingcare unit is prudent, particularly when identifying reasons for under-dialysis.
Introduction
The importance of dialysis dose, as measured by either the Kt/V or urea reduction ratio (URR), in relation to patient morbidity and mortality has been clearly demonstrated [1] [2] [3] [4] [5] . Clinical practice guidelines [6, 7] recommend monthly monitoring of these adequacy measures to ensure optimal patient care. More frequent measurements have been suggested for patients who are non-compliant with the dialysis prescription or who have frequent problems with dialysis delivery, such as poor access blood flow [6] .
Numerous unanticipated events may occur during a patient's haemodialysis session, which can lead to variation in the quantity of dialysis received from one session to the next. Access recirculation or dialyser clotting are examples that may result in decreased efficiency of solute clearance. Alternatively, failure to account for treatment interruptions or premature discontinuation may lead to a reduction in treatment duration [6] . All of these events will reduce the overall quantity of dialysis delivered and yet may not be readily apparent from periodic review of adequacy measures without careful attention to all treatment sessions.
A previous study on a cohort of prevalent haemodialysis patients had identified that patients with arteriovenous fistulae (AVF) or polytetrafluoroethylene (PTFE) grafts received more dialysis on adequacy measurement days than on non-measurement days, whereas patients with catheters did not [8] . A hypothesis arising from that study and based on clinical observation was that venous tunnelled catheters may be subject to greater variability in dialysis delivery between all treatments as compared with AVF or PTFE grafts. The purpose of this study, therefore, was to identify potential risk factors, including access type, for session-to-session variability in haemodialysis delivery.
Subjects and methods
Patients were identified from a haemodialysis census database at St Joseph's Hospital in Hamilton, ON, Canada. Only patients who had been on haemodialysis over the last 8 months were considered and patients were excluded if any of the following had been changed over the study period: access type, prescribed blood or dialysate flow, prescribed treatment duration, type of haemodialysis machine or level of nursing care required. Level of nursing care was defined as follows. Total nursing-care patients require a dialysis nurse for the entire set up and delivery of the dialysis treatment while selfcare patients monitor and adjust the dialysis treatment themselves.
Demographic and comorbidity data were obtained, as well as information on the dialysis prescription. All dialysis patients at this centre have a detailed clinical summary of their medical history on the dialysis chart, which has been written by the primary nephrologist and is updated regularly. The presence of diabetes mellitus (DM), coronary artery disease (CAD), left ventricular (LV) dysfunction and peripheral vascular disease (PVD) was ascertained by reviewing this summary. In addition, patients were also considered to have DM if they were on insulin or oral hypoglycaemic agents. Patients were also considered to have CAD if they had a known positive stress test or coronary angiogram or previous coronary artery angioplasty or bypass grafting.
All dialysis treatments over the preceding 8 months were reviewed for volume of blood processed (VBP), treatment duration, dialysis shift, level of nursing care, target weight, ultrafiltration volume, hypotension (defined as any documented systolic blood pressure <100 mmHg), dialyser clotting and URR. All patients were dialysed on high-flux dialysers.
VBP on dialysis was recorded after each session directly from the haemodialysis machine. VBP represents the product of the blood flow calculated from the calibrated blood pump, integrated over the total time of the dialysis session. Average blood flow per session was calculated by dividing the VBP by the treatment duration recorded for each session. URR was measured mid-week using the blood re-infusion sampling technique, as described previously [6] . The pre-dialysis urea level was assessed on blood that was drawn immediately prior to haemodialysis initiation whereas the post-dialysis urea was drawn 5 min after the patient's blood had been reinfused. This procedure does not have a direct effect on the VBP for that session. Four types of catheters were used in this study; 64% of patients who dialysed with a venous tunnelled catheter utilized an Optiflow (C.R. Bard Inc.) catheter. The remaining catheters used were Highflow (CardioMed), Uldall (Cook Canada) and Permcath (Quinton Instruments).
The vascular access creation strategy at this centre at the time of the study was to create AVF in any patient felt to have suitable vessels. PTFE grafts or catheters were placed in patients who did not have suitable vessels or in whom a primary AVF had failed. In the event a patient required initiation of dialysis prior to fistula maturation, a tunnelled catheter was placed.
Continuous variables are expressed as means ± SD. Variability in dialysis delivery was expressed by the coefficient of variation (CV% ¼ SD/mean) and calculated for the VBP, blood flow, treatment duration and the monthly URR in each patient. The number of averaged repeated measurements required to determine with 95% probability the patient's true URR and VBP was calculated according to the formula [9] :
where N is the number of measurements required per person and D o is the level of precision specified (as a percentage of the true variable value). A D o value of 10% was used in this study.
The univariate relationships between various predictor variables and the URR and VBP CV% were determined using either a two-tailed Student's t-test or analysis of variance (ANOVA) for categorical variables and linear regression for continuous variables. Multivariate correlates were determined using multiple linear regression on significant (P < 0.10) univariate variables. Data analysis was carried out using the SPSS v. 9.0 (SPSS Inc.) software package.
Results
Two-hundred and ninety-five patients were identified who had been on haemodialysis over the preceding 8 months. The dialysis charts of 125 of these patients were sampled at convenience by two of the authors (J.S. and S.B.) for further review and 89 patients were identified who met the additional specified study criteria. Eighty-six patients (96.6%) were dialysed three times a week and 8650 haemodialysis treatment sheets were reviewed overall in the final analysis (95% complete).
The baseline characteristics of the patients are shown in Table 1 and have been described previously [8] . Univariate predictors of the VBP and URR CV% are shown in Table 2 . The mean VBP and URR CV% were 10.3 ± 4.7 and 5.4 ± 3.8%, respectively, and were significantly correlated (r ¼ 0.62, P < 0.0001). Patients with tunnelled catheters and total nursing-care patients had both a higher VBP and URR CV%. There was no difference in the VBP or URR CV% amongst the (Table 3) indicates that only use of tunnelled catheters and requirement for total nursing-care were factors independently associated with both a higher VBP and URR CV%. Female gender and CAD were also independently associated with a higher VBP CV%. There was no evidence of interaction amongst any of these significant variables.
The CV% was also determined for blood flow and treatment duration, the two components of VBP. The blood flow CV% was significantly higher (17.1 ± 7.1%) in patients with catheters than in patients with AVF (8.8 ± 4.1%) or grafts (9.0 ± 2.7%) (P < 0.0001), whereas there was no difference observed in treatment duration (data not shown). To ensure that the greater variability observed in catheters was not due simply to deterioration in catheter performance over the length of the study, the mean URR for each month was calculated for patients who utilized catheters. There was no significant difference between the beginning and end months of the study in the mean URR (67.1 ± 6.8 vs 66.3 ± 6.8%; P ¼ 0.39). Table 4 shows the average URR values and frequencies of intradialytic events according to access type and level of nursing care. Patients with catheters had lower URR values than patients with PTFE grafts (P ¼ 0.002) and a trend towards lower URR values compared to patients with AVF (P ¼ 0.1). Patients requiring total nursing-care had a tendency to lower URR values than patients in self-care (P ¼ 0.1). A trend towards an increased frequency of dialyser clotting was also observed in patients with catheters, although this did not achieve statistical significance (P ¼ 0.21). Patients requiring total nursing-care had a tendency to an increased number of hypotensive episodes, although this too did not reach significance (P ¼ 0.19).
The effect of access type on the number of measurements required to estimate the true URR and VBP with a 95% probability for each patient was determined (Table 5 ). To accurately determine the URR in 90% of the patients within 10% of the true value required 14 measurements in patients with catheters as opposed to three and two measurements in patients with AVF and grafts, respectively. Similar results were seen when the VBP was measured (Table 5) .
To determine whether there was a relationship between variability in session-to-session dialysis delivery (VBP CV%) and dialysis adequacy (URR), patients were divided into two groups based on a mean URR cut point of 65%. The mean VBP CV% in the 11 patients with a mean URR <65% was 14.8 ± 5.4% compared with 9.7 ± 4.5% in the remaining patients with a URR of !65% (P ¼ 0.01).
Discussion
The use of a venous tunnelled catheter and dialysis in a total nursing-care unit were the only factors independently associated with greater variability in both VBP and URR, as measured by the CV%, a commonly used and accepted measure of variability [10, 11] . In addition, it was demonstrated that greater variability in the VBP was a major contributor to inadequate dialysis delivery, as measured by the URR. This has important implications for the management of patients who are receiving inadequate dialysis, in particular those who utilize a tunnelled catheter for vascular access or dialyse in a total nursing-care unit.
There are several reasons why variability in the amount of dialysis delivered may be important. The majority of events contributing to variability in dialysis delivery, including dialyser clotting, access dysfunction, treatment interruptions and premature discontinuation of haemodialysis for staff/unit or patient convenience, will lead to a decrease in the quantity of dialysis received on a given day. Perhaps more importantly, management of a low URR (or Kt/V) may be ill-fated if the aetiology of these low adequacy measures has more to do with factors leading to greater variability in dialysis delivery and less to do with the dialysis prescription. For example, if a patient has an average URR of 61% (objective !65%), increasing the blood flow or treatment duration may not be particularly effective if the main problem is recurrent dialyser clotting or patient-initiated shortening of treatment sessions.
Several explanations are possible for the greater variability observed in patients requiring higher levels of nursing care. A self-care patient may be more compliant with the dialysis prescription than a patient in a total nursing-care unit and may have greater incentive than dialysis nurses to ensure the full treatment is being received, leading to more consistent treatment sessions. In addition, a self-care patient at this centre is selected based on their overall favourable clinical status. Even after adjustment for comorbidity Variability in haemodialysis deliveryand access type, such a patient is likely healthier with a better functioning access, resulting in more consistent haemodialysis treatment than a patient who requires assistance with dialysis. The use of a venous tunnelled catheter for dialysis access was the strongest predictor of both the URR and VBP CV%. We and others [12] [13] [14] have demonstrated that this form of access has been associated with lower adequacy measures. To our knowledge, this is the first study to demonstrate that lower adequacy measures are associated with higher variability in dialysis delivery. This was supported by the observation that patients with mean URR values below the desired level of 65% had significantly greater variability in VBP than did patients whose URR was >65%. This variability in VBP appeared to be due almost exclusively to variability in blood flow. Factors which contribute to shortened treatment times, including treatment interruptions or premature discontinuation by staff or patients, did not appear to be as important. Nevertheless, factors which could contribute to variability in access blood flow, including recurrent hypotension and dialyser clotting, did not appear to fully explain the greater variability in patients with catheters. However, the lack of association with these factors may have resulted from low statistical power in the group; there was a tendency to increased dialyser clotting in patients with catheters and frequency of hypotension in patients requiring total nursing-care that did not reach statistical significance. Other potentially important factors, including elevating venous pressures, access recirculation and use of intraluminal thrombolytic therapy [15] , were not evaluated but may have contributed to the differences between the patient groups observed.
A recent study has shown that use of catheters compared with AVF for vascular access was associated with a relative mortality risk of 1.54 and 1.70 in diabetics and non-diabetics, respectively [16] . This effect was independent of adequacy measures and various comorbid conditions and appeared to be due to both infectious and cardiac complications. Although the increase in mortality risk from cardiac causes in patients with catheters was not related to dialysis adequacy per se, the possibility that variability in dialysis dose on a day-to-day basis contributed to the increased risk cannot be excluded. As an example, patients with greater variability in VBP or URR may also be less likely to reach their fluid removal target on a given day and hence be at higher risk of cardiac complications from recurrent volume overload. A recent study published in abstract form [17] has shown that variability in Kt/V (as measured by the intrapatient Kt/V SD) was strongly associated with patient mortality, independent of age, diabetic status, ethnicity or gender. However, the influence of access type was not specifically evaluated.
This study has demonstrated that, due to the increased variability in URR observed in patients with catheters, a greater number of URR and VBP measurements must be reviewed in order to be reasonably certain of the overall adequacy of a patient's dialysis regimen. A previous study [9] has shown in a cohort of 50 patients based on only three measurements that only one to two URR or Kt/V readings are required to accurately determine adequacy of dialysis in prevalent haemodialysis patients. However, the majority of these patients dialysed via an AVF and patients with diabetes, systemic illness or recent hospitalization were specifically excluded. Thus, when reviewing the most recent URR in a patient with a catheter, one must view the result with healthy scepticism. It may be advisable, based on this study's findings, to recommend more frequent URR (or Kt/V) measurements in patients with catheters as part of a routine strategy, particularly if the URR values are borderline or below target levels.
A previous study on the same cohort of patients [8] had shown that patients with AVF and PTFE grafts received more dialysis on adequacy measurement days than on non-measurement days, whereas patients with catheters did not. It was hypothesized that greater variability (or unpredictability) in catheters could lead to a failure to detect a significant and systematic bias favouring more dialysis delivery on adequacy measurement days in patients with catheters. The greater variability overall between dialysis sessions in patients with catheters shown in this analysis would appear to support this explanation.
There are several limitations to the study. Although data collection was thorough, it is a retrospective study and correlation of the observed variability to important clinical outcomes was beyond the scope of this study. In addition, VBP has not been shown to correlate with clinical outcomes and is clearly not a substitute for more appropriate adequacy measures, such as URR or Kt/V. Nonetheless, similar findings were observed with both the URR and VBP, providing support for the use of VBP as a method to evaluate all treatment sessions.
To summarize, variability in URR and VBP, as measured by the CV%, was highest in patients with tunnelled catheters and who dialysed in a total nursingcare unit. Particular attention to individual dialysis sessions in patients with tunnelled catheters or in a total nursing-care unit is prudent, particularly when attempting to identify reasons for under-dialysis and planning an intervention strategy.
